This paper proposes a method for solving a large-scale multistage transmission expansion planning problem. The formulated problem is of a large-scale mixed integer linear programming which is difficult to handle by general mathematical optimization techniques. A disjunctive model for a single stage transmission expansion planning is extended for solving the multistage model. In addition, a local branching method is employed with an initial solution obtained from the single stage transmission expansion planning problem. The proposed method has been tested with IEEE 24-bus and a northeastern Thailand power system to show it is efficient to implement for actual power system planning.
I . Introduction
Electric power system is classified into generation system, transmission system and distribution system. A main function of the transmission system is to transfer electrical power from power plants to distribution systems, which eventually distribute power to customers. Consequently, when electricity demand is increased, the transmission system has to be reinforced. Transmission expansion planning (TEP) is a process for determining a minimum cost plan which ensures that the electricity demand can be served through a planning horizon. The TEP can be divided into two categories in view of planning horizon, i.e. single stage planning and multistage planning [1] . In the single stage planning, the planning horizon is considered as a single period of time. Therefore, all of transmission lines under the investment plan are assumed to be constructed at the same time, i.e. at the beginning of the considered period. Generally, the problem concerns only where to construct new lines and what types of lines to be constructed. Consequently, the single stage planning may not be appropriate for a long term TEP according to economical aspect, since it does not take into account the time value of the money. In case of the multistage, the planning horizon is divided into several stages, and each stage has its owned corresponding plan. The multistage planning problem concerns with questions about when and where to construct new transmission lines. The plan in the current stage depends on the plans in the previous stages. Therefore, the multistage planning is much more complicate than the single stage planning.
The TEP is a mixed integer programming (MIP) problem. There are three key groups of the methodologies developed to solve the TEP, i.e. mathematics, heuristics and metaheuristics.
The mathematical based methods [2] rigorously solve the problem by applying optimization techniques. In case of TEP, they are generally based on branch and bound algorithms. As long as the problem is convex, the methods can return a global optimal plan, however with high computational time, especially in case of large-scale problems. On the other hand, the heuristic based methods [3, 4, 5] utilize some guidelines for searching solutions. For the TEP problem, they are usually derived from sensitivity indices regarding potential of candidates to alleviate the violation of operating limits. Even though the computational burden is low, the obtained solutions are usually trapped at local optima. The complexity of the heuristic methods may range from a simple greedy algorithm [6] , to sophisticated methods, e.g. local branching [7] . The metaheuristic methods employ intelligent search techniques. The computation time is usually high and, in some cases, may be higher than the mathematical based methods. In fact, the metaheuristic methods are appropriate for nonconvex problems since they have mechanisms to escape the local optima. However, the solutions are not guaranteed to be a global optimum. Examples of the metaheuristic methods are genetic algorithm (GA) [8] , tabu search [9] , etc. From all the above methods, it should be noted that there is no best method which is suitable for all types of the TEP problems. Selecting the suitable method is mainly based on size of the problem as well as the model used in problem formulation.
A DC power flow is usually adopted in the TEP problem formulation. The decision variables are related to the selection of candidate branches into the plan. There are two kinds of decision variables, i.e. integer and binary variables. The integer variables represent the number of circuits of the candidates [10, 11] . Therefore, the branch susceptance of each candidate is expressed in a function of the integer variable, and there exist the multiplication terms between the integer variables and the voltage angle variables in constraints corresponding to Kirchhoff's voltage law (KVL). These terms cause the problem to be a mixed integer nonlinear programming (MINLP). Some relaxed models have been used to reduce the computational burden of the formulated problem, e.g. transportation model [11] and hybrid model [2] . However some constraints are neglected in those models. Consequently, the obtained results are of the underinvestment plans. The binary variables represent the decision on selection of the candidate circuits [12, 13] . The disjunctive model proposed in [12] belongs to this kind of decision variables. The formulated problem is mixed integer linear programming (MILP), while the solution complies all constraints of the DC power flow.
Generally, the formulation of the multistage TEP is based on that of the single stage TEP. The derived multistage model will be inherited all properties and efficiencies from the original single stage model. Examples of the previous works can be found in [14] and [15] . For the formulation proposed in [14] , the DC model is employed based on the integer decision variables. Consequently, there are multiplication terms between the decision variables and the voltage angle variables in the problem. As a result, the problem is a large-scale MINLP which is extremely complex. Since the problem is nonconvex, the GA is applied. However, the computational burden may be reasonably high.
In the case of the formulation presented in [15] , the transportation model is applied with a constructive heuristic algorithm. Even though the formulated problem is MILP which is very simpler than MINLP, the KVL constraints are neglected in the formulation. Therefore, the obtained plan may be infeasible. Compared to other models, the obtained plan can lead to the underinvestment in practical planning activity.
In this paper, an extended version of disjunctive model is developed for the multistage TEP. It has an advantage over the DC model, since the formulated problem is an MILP which is easier to solve than the MINLP. In addition, the KVL constraints neglected in the transportation model are taken into account in the proposed model. However, for large-scale power systems, the problem is still difficult to handle by general mathematical optimization methods. Therefore, the local branching method [7] is employed to solve this problem. The advantage of the local branching method is that it is based on a local search technique. With the initial solution obtained from solving the consecutive single stage TEP, the optimal solution can be found with less computational burden.
As the results shown in [14] and [15] , only the investment cost is taken into account in this paper. It should be noted that the objective function of the formulation in [14] apparently involves a value of lost load. However, the loss of load has no impact on the obtained investment plan.
Il. Problem Formulation

Single Stage Disjunctive Model
The disjunctive model for the single stage TEP [12, 13] can be formulated as follows:
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The variables and constant parameters in the formulation are described below. P is a diagonal matrix of which the elements representing maximum limits of power flow in candidate branches, ng, nb, ne, and nc are the number of generators, the number of buses, the number of existing branches, and the number of candidate branches, respectively.
Variables
 
It is clearly seen that the objective function is the investment cost function shown by Eq.
(1). All the constraints comply with the DC power flow model as well as operation limits. Considering the constraints (4) and (7), one can express the constraints corresponding to the circuit l which directly connects from bus f to bus t as follows:
It should be noticed that if the candidate branch l is selected for the plan, i.e. 
Multistage Disjunctive Model
In general, the multistage TEP can be considered as a sequence of the single stage TEP. The planning horizon and the investment plan corresponding to each stage of the multistage TEP can be demonstrated in Figure 1 . In this figure, it is assumed that the planning period is nine years, which is divided into three stages. The plan is carried out at the beginning of each stage in order that the increased demand in the corresponding stage can be served.
The plans obtained from the previous stages have to be perceived at the current stage. Therefore, additional constraints should be introduced into the single stage disjunctive model, and some existing constraints in the single stage disjunctive model should be modified. The proposed model for multistage TEP comprising ns stages can be expressed as follows:
The constraints (11)- (16) are stated for 1, , t ns
where   t  is a discount factor for stage t which can be expressed as
r is an interest rate (% per year), d is a discount rate (% per year), and ny is the number of years for each stage.
It should be emphasized that there are three points which are different from the single stage disjunctive model [12] as described below.
 All variables in the single stage disjunctive model are extended for every other stage. In addition, the power demand and generation capacity should be varied according to load forecast and generation expansion plan,  The constraints (13) and (16) are modified from the constraints (4) and (7) in order that the current stage will recognize the plans in the previous stages, and  The additional constraint (17) ensures that circuits of the candidate branches can be selected into the plan for only one stage.
IlI. Local Branching Method
Local branching method is proposed by M. Fischetti and A. Lodi [7] . It is a heuristic method for solving an MILP. Actually, the local branching method is a local search procedure integrated with diversification process. It is shown in [7] that the local branching method can find a global minimum within computational time less than the mathematical based methods in many cases of large-scale MILPs. Moreover, in cases of complicated MILPs of which the solutions cannot find by both the mathematic based methods and the local branching method in a specified time, the local branching method may provide the feasible solutions better than the ones obtained from the mathematical optimization methods. Details of the local branching method have been summarized in the following two subsections, whereas more details can be found in [7] .
Local Search
The main concept of the local branching method is to perform a local search in a neighborhood of a reference solution. With a specified reference solution x , a k-OPT neighborhood
 
,k x is defined as follows:
where k is a constant related to size of the neighborhood, and   1 , , ,
Hamming distance defined as
is an index set of the binary variable x , and
The local search is performed in
where is a feasible set of solutions of the original problem. It should be noted that the local branching method utilizes a general MILP solver to perform the local search by appending the following constraint into the original problem.
The process of the local branching method is initialized with a starting solution 1 x , which can be established from the first feasible solution found by the MILP solver. With the current feasible set of solutions , the local search is performed in
1 ,k  x within a given time limit. The value of objective function at 1 x is used as an upper bound for an MILP solver. After the solver is terminated, the following situations may occur.
 An optimal solution is found. This solution is an optimal solution in
, however it may not be a global optimal of the original MILP problem. Therefore, it will be assigned to be the new incumbent 2 x . After that the current feasible set is updated to
and the local search is
. The value of objective function at the new incumbent is subsequently used as the upper bound for MILP solver.  No optimal solution is found within the specified time limit, however the MILP solver terminated with a feasible solution. In this case the feasible solution will be assigned to be the new incumbent 2 x , and the current feasible set is updated to
and the value of objective function at the new incumbent is used as the upper bound for MILP solver.  The MILP solver cannot find any feasible solution within the time limit. To cope with this situation, the current neighborhood is modified to be a smaller one, i.e.
, if the feasible solution cannot be found, strong diversification process, which will be shown in the following subsection, will be applied.  The MILP solver is terminated due to an infeasible problem. The diversification process will be applied to find a new incumbent solution. Then the local search is performed again. It should be noted that the soft diversification process is employed at first when this situation arises. After performing the local search, if this situation occurs again, the strong diversification process will be applied. The local search is continuously executed in this manner until the total time limit is reached. In addition, the best solution found during the process will be recorded, and finally used as the solution.
Diversification
When the problem is not feasible, the size of the current neighborhood will be enlarged by 2 k   , and the local search is performed to find the optimal solution in the extended neighborhood. The obtained solution will be used as the new incumbent for the subsequent process of the local search described in the previous subsection. This concept is called soft diversification. If the problem is still infeasible after applying the soft diversification, the strong diversification will be employed by enlarging the current neighborhood by 2 k   , and performing the local search by MILP solver. However, in the case of the strong diversification, the solver will find the first feasible solution instead of the optimal solution which is found in the soft diversification case. Then the solution will be used as the new incumbent for the next process of the local search in the previous subsection. The strong diversification will be also applied in the situation that the solver cannot find any feasible solution in the current neighborhood within the specified time limit.
Local Branching Method for Multistage TEP
From the previous subsections, one can see that the main algorithm of the local branching method is based on the local search. However, the searching procedure is more sophisticated than general local search procedures. It should be remarked that an initial solution will affect the quality of an optimal solution found in the final calculation. This feature may contribute to the advantage in some applications for which good initial solution can be found easily, e.g. the multistage TEP. Since the computational time for solving the consecutive single stage TEP is much less than the time for solving the multistage TEP. Therefore, one can use the solution of the consecutive single stage TEP as the initial solution of the multistage TEP. The plans in the previous stages have to be updated to the existing branches before solving the single stage TEP for the current stage. On the assumption that the optimal plan of the multistage TEP is close to the plan of the consecutive single stage TEP, the local branching method should find good quality solutions for large-scale problems within acceptable computational time.
IV. Results and Discussion
In this section, the multistage TEP is formulated by using the proposed disjunctive model and solved by the local branching method. The solution obtained by the consecutive single stage TEP is used as the initial solution of the multistage TEP. The test systems are composed of IEEE 24-bus and northeastern Thailand systems. The length of the planning period for both systems is nine years. It is assumed that the planning period can be divided into three stages, of which each interval spans three years. The interest rate is set at 10 % per year. The structure of planning periods and stages for both multistage TEP problems are similar to one demonstrated in Figure 1 . TOMLAB/CPLEX is employed as the MILP solver.
IEEE-24 Bus System
The system consists of 24 buses, 38 existing branches and 41 candidates. The maximum number of circuits on each candidate is three. In this test system, the data for the single stage TEP in [16] is applied for the multistage TEP. It is assumed that the power demand and the generation capacity monotonously increase through the planning period. Therefore, the plan established at the beginning of each stage must be able to serve the demand at the end of stage. For this reason, the power demand and the generation capacities at year 3, 6 and 9 will be used as the representative values of the first, second, and third stages respectively.
In the first stage, the power demand and the installed generation capacity are 8,550 MW and 10,215 MW respectively. These values are defined according to the data for the single stage TEP presented in [16] . For the next two stages, the demand is assumed to grow by 8 % per year. Subsequently, to obtain the demand of the second and third stages, the demand of the first stage at every bus is multiplied by 1.26 (1.08 3 ) and 1.59 (1.08 6 ), respectively. In addition, the installed generation capacities at the end of the second and third stages increase by 25 % and 50 % from the value of the first stage respectively.
In the beginning, three consecutive single stage TEP is performed. The net present value of the investment cost is 594.01×10 4 US$. This value is used as an upper bound of MILP solver for the local branching method. In addition, the obtained plan is also used as the initial solution.
The parameters for the local branching method applied to the IEEE-24 bus test system are set as follows: the size of neighborhood k is 5, the time limit for searching in the current neighborhood is 300 sec., and the total time limit is 3600 sec. The solutions found during the process of the local branching method for the multistage TEP are illustrated in Figure 2 . The result with comparison to the consecutive single stage TEP is shown in Table 1 .
Figure 2
Solutions found during the process for IEEE-24 bus system 
Northeastern Thailand System
The system consists of 75 buses, 153 existing branches and 129 candidates. It is modified from an actual system. The maximum number of circuits on each candidate is allowed at three. The active power demand is 4,634.4 MW and the installed generation capacity is 6,824.0 MW at the end of the first stage. Detailed system information is shown in Appendix.
The demand is assumed to grow by 5 % per year. Therefore, the demand at the end of the second and third stages are calculated by multiplying 1.16 (1. The local branching method applied to this test system is performed with the following parameters: the size of neighborhood k is 10, the time limit for searching in the current neighborhood is 500 sec., and the total time limit is 7200 sec. The solutions found during the process of the local branching method are illustrated in Figure 3 . Comparison of the multistage TEP to the consecutive single stage TEP is shown in Table 2 . In this test system, some candidates which connect between same terminals have different capacities. Therefore, the expanded capacities between two terminal buses instead of the number of circuits are indicated in the table.
Discussion
The benefit of multistage TEP of medium-scale and large-scale power systems has been clearly shown with the application of the local branching method. The investment cost can be reduced by 3.4 % for the IEEE 24-bus system, and 3.5 % for the northeastern Thailand system. From the results, it should be noticed that the more investment in the second stage can be reduce the expansion in the third stage, and results in the lower investment cost in the overall planning horizon. In view of the computational efficiency, one can see that the best solution can be found within acceptable time periods, i.e. 1033 sec. for the IEEE 24-bus system and 496 sec. for the northeastern Thailand system. It should be also noted that the shorter time in case of the northeastern Thailand system, which is the larger system, can be well explained. Since the local branching method does not guarantee the global optimality of the solution, and one cannot ensure that the solution quality in case of the northeastern Thailand system is comparable to the solution quality in case of the IEEE 24-bus system.
The parameters of the local branching method are critical issues which can affect the overall performance. The size of neighborhood k and the time limit for searching the solution in the current neighborhood should be selected accordingly. In case of the larger neighborhood, the better solution might be found within execution time longer than the case of smaller one. For the large-scale systems, the solution quality and the computational time should be compromised.
V. Conclusion
A multistage disjunctive model is proposed in this paper with further development from the model proposed for the single stage TEP. The formulated problem is an MILP which can be handled by various algorithms and solvers. This is an advantage of the disjunctive model over other models. The proposed methodology focuses on the case of medium-scale and large-scale power systems. Therefore, the local branching method which is appropriate for large-scale MILP is applied to solve the problems. The results are compared with the ones obtained from the single stage TEP calculation. It clearly shows the benefit of the multistage TEP from economical point of view. For a large-scale power system, a long term investment plan can be obtained within acceptable computational time. Therefore, the proposed model accompanying with the solving procedure is applicable for actual transmission planning activities. Table 4 Branch data of the modified northeastern Thailand system (continued)
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